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The internal energy distributions, P(), of a millisecond pulsed radio frequency glow discharge
plasma were investigated using tungsten hexcarbonyl W(CO)6 as a “thermometer molecule”.
Vapor of the probe molecule, W(CO)6, was introduced into the plasma and subjected to
various ionization and excitation processes therein. The resultant molecular and fragment ions
were monitored using a Time-of-Flight mass spectrometer. Ion abundance data were utilized
in combination with the known energetics of W(CO)6 to construct the P() plots. The P() of
W(CO)6 exhibited strong temporal dependence over the pulse cycle: Distinct internal energy
distributions were found at the discharge breakdown period (prepeak), the steady state period
(plateau), and the post-pulse period (afterpeak). Spatial variation in P() was also observed,
especially during the plateau regime. The observations suggest that this pulsed glow discharge
affords excellent energy tunability that can be used to perform selective ionization and
fragmentation for molecular, structural, and elemental information. Parametric studies were
performed to evaluate the effects of discharge pressure and operating power on P(). These
studies also provided insight into the correlation of the observed P()s with the fundamental
ionization and excitation mechanisms in the plasma. The temporal and spatial variations in
P() were hence attributed to changes in the dominant energy transfer processes at specific
times in specific regions of the plasma. These data will be useful in future efforts to optimize
the analytical performance of this source for chemical speciation. (J Am Soc Mass Spectrom
2004, 15, 87–102) © 2004 American Society for Mass Spectrometry
Chemical analyses in many fields demand a“multi-dimensional” knowledge of a given sam-ple—the constituent components and the iden-
tity, structure, and elemental composition of each com-
ponent. This need has been the driving force behind the
development of methods for elemental speciation, i.e.,
the identification of elements and the chemical environ-
ment in a given sample [1]. The most popular approach
to elemental speciation is to utilize chemical separation
methods coupled with elemental or molecular charac-
terization techniques for each constituent composition
[2]. Mass spectrometry (MS) techniques are often the
best choice for such characterization because they pro-
vide both the selectivity and sensitivity needed to
achieve molecular identification, structural elucidation,
or elemental determination. However, the kind of in-
formation provided by MS is critically dependent on
the ionization method in use: “Hard” ionization meth-
ods for elemental composition or molecular fragmenta-
tion, and “soft” ionization methods for molecular ion
detection.
For purposes of chemical speciation, the choice be-
tween a “hard” ionization method, particularly one
capable of producing atomic spectra, and a “soft”
ionization method is one of ion source hardware that is
not readily interchangeable. For example, the induc-
tively coupled plasma (ICP) is a “hard” ionization
method capable of providing sensitive and accurate
elemental detection. This advantage arises from its
ability to completely fragment analyte molecules to
provide abundant atomic species [3]. Unfortunately, the
destruction of molecular species automatically elimi-
nates any possibility to obtain structural and molecular
information from the same sample run. The determina-
tion of intact molecular ions is readily available using
soft ionization methods such as electrospray ionization;
but no structural and elemental information can be
obtained directly with such soft ionization sources.
Therefore, various methods have to be employed and
the results have to be judiciously pieced together to
achieve a complete characterization of a given sample.
This inevitably increases requirements for analysis du-
ration and costs, operator skills, and sample sizes.
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Furthermore, great difficulties arise from interfacing
multiple detection techniques to chemical separation
methods. These considerations have led us to explore a
tunable ionization method that is capable of yielding
molecular, structural, and elemental information.
The development of a tunable ionization method
requires the ability to control the internal energy depos-
ited into the analyte molecules. The quasi-equilibrium
theory of unimolecular reactions [4] makes clear the role
of the internal energy in ionization and fragmentation
of molecular species. Excitation energy, in addition to
any thermal energy present before ionization, can be
transferred into the molecule during the ionization
process or after the formation of the parent ion. The
internal energy left in the parent ion can drive it to
undergo further fragmentation through a series of com-
peting and consecutive unimolecular reactions and ex-
ert a controlling influence on both the thermodynamics
and kinetics of these reactions. The final product ions
are determined by the molecular internal energy distri-
bution, P(), of a population of the molecular species.
Hence, tuning the internal molecular energy allows
control of the degree of fragmentation, thereby optimiz-
ing the desired ion abundance for molecular, fragment,
or elemental detection.
Internal energy deposition is determined by both the
energy transfer process and the energetic species in-
volved. A straightforward approach to tune the internal
energy deposition is to switch energetic species. Faubert
et al. [5] utilized metastable atoms of different inert
gases for selective ionization and fragmentation. Hard
ionization was achieved using the helium metastable
atoms with high potential energies, around 20 eV, while
soft ionization was achieved using krypton metastable
atoms with lower potential energies, around 10 eV.
O’Connor and co-workers [6] tuned a helium plasma by
introducing isobutane as the chemical ionization re-
agent. Whereas the pure helium plasma provided
atomic ions through hard ionization, it could be “soft-
ened” by the introduction of isobutane as a chemical
ionization reagent owing to the predominance of ion-
molecule reactions with analyte species. Electron ion-
ization type spectra were obtained by carefully lower-
ing the isobutene introduction rate. Unfortunately, this
approach suffers from slow tuning speed and, hence, is
not suitable for on-line detection for chemical separa-
tion methods.
Pulsed glow discharge (GD) plasmas may offer rapid
energy tunability through temporal control of their
plasma chemistry. Numerous energetic species, such as
fast electrons, excited atoms, especially the long-lived
metastable atoms, and ions generated in plasma sus-
taining processes, can transfer energy to analyte mole-
cules through various processes including electron ion-
ization, Penning ionization, and ion-molecule chemical
reactions [7]. Each type of energetic species, associated
with the corresponding energy transfer process, can
excite the analyte molecules to a certain energy range,
generating a characteristic internal energy distribution.
In continuous GD plasmas, the internal energy distri-
butions resulting from different energy transfer pro-
cesses convolute and present a steady state overall P()
for the heterogeneous plasma. However, pulsed opera-
tion of the glow discharge provides the ability to
separate these processes in temporal sequence: A pre-
peak dominated by electron ionization, an afterpeak
dominated by Penning ionization, and a plateau resem-
bling the continuous glow discharge [8, 9]. The tempo-
ral alternation of energy transfer processes results in a
time-dependent P() that varies over a wide energy
range. The consequence of this variation is a series of
transient ionization periods for analyte molecules that
range from “hard” to “soft” within each pulse cycle.
Time-of-Flight (TOF) mass spectrometry affords the
ability to acquire resultant transient mass spectra in a
quasi-simultaneous fashion sometimes referred to as
gated detection [10]. It is important to note that the
plasmas can be easily pulsed at high frequencies, typi-
cally from 10 to 103 Hz, corresponding to data acquisi-
tion rates of 10–1000 spectra per second. This results in
an advantage in speed over other techniques that makes
it ideal for direct coupling to chemical separation meth-
ods.
Heterogeneous GD plasmas also exhibit spatial vari-
ations in P(). The population of each energetic species
and the corresponding ionization process vary with
location in the plasma [11, 12]. Analyte molecules at
each location are subject to a specific convolution of
energy transfer processes, resulting in a unique P().
Moreover, the discharge operating parameters, espe-
cially the discharge gas pressure and operating power,
can be used to selectively enhance or reduce a specific
energy transfer mechanism and, consequently, to fur-
ther adjust the P() of the analyte molecules. The
flexibility in energy tunability signals significant ana-
lytical potential for the pulsed GD plasma as a tunable
ion source.
The energy tunability of the pulsed GD plasma has
been employed in elemental mass spectrometry to se-
lectively ionize the analyte atom of interest while elim-
inating background and interfering ions. This analytical
advantage was demonstrated by determination of cal-
cium with argon as discharge support gas, a task
impractical for continuous plasmas because of the iso-
baric interference of 40Ar [13]. However, the energetics
of the pulsed plasma after the termination of the power
can be lowered to the energy levels of metastable argon
(11.55 and 11.62 eV), which is high enough to efficiently
ionize calcium while too low to ionize argon and major
background species such as H2O. During this temporal
regime, Ca signal remains intense without the pres-
ence of Ar, yielding a transient but “clean” mass
spectrum for time-gated detection. Consequently, quan-
titative analysis of calcium was readily achieved.
The tuanability of the pulsed glow discharge is also
useful for molecular mass spectrometry where elemen-
tal, structural, and molecular information can be ac-
quired in rapid succession. Microsecond [1, 14] and
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millisecond [15] pulsed GD plasmas have exhibited
their utility for chemical speciation when coupled with
TOF-MS. The extent of fragmentation can be easily
controlled at the discretion of the user by positioning
the detection gate at the desired temporal regime. Lewis
et al. [15] demonstrated the ability to couple a millisec-
ond pulsed GD-TOF to a gas chromatography (GC)
system for real-time chemical speciation. After GC
separation, each constituent was introduced into the
pulsed GD plasma, yielding analyte ions therein for
mass spectrometric detection. Three time-gated data
acquisition systems were used to obtain the spectra at
the prepeak, plateau, and afterpeak regime within a
pulse cycle, respectively providing elemental, struc-
tural, and molecular information in a nearly concurrent
fashion. This system was successfully employed for
chemical speciation of a sample containing a series of
aromatic and halogenated compounds.
A systematic measurement of P() is essential to
understand the energetics that shape the tunability and
utility of pulsed GD plasmas. Because P() is a reflec-
tion of energy flow within the plasma, the measurement
of P() should yield additional insight into the ioniza-
tion and excitation mechanisms taking place in the
plasma. Furthermore, P() measurements allow evalu-
ation of the effect of GD parameters on plasma energet-
ics in great detail and, consequently, optimization of
analytical performance. Experimentally, P() may be
approximated using “thermometer molecules”, such as
W(CO)6, as a probe [16]. W(CO)6 molecules introduced
into the plasma undergo ionization and subsequent
dissociations of W™CO bonds. The consecutive losses of
CO groups follow almost identical pathways without
significant competing side reactions. The population of
molecules with a certain internal energy prior to frag-
mentation is mirrored by the abundance of the respec-
tive product ion. Hence, the ion abundances of W(CO)n

(n  0–6), which can be directly determined through
mass spectrometric measurements, can be used to cal-
culate the internal energy distribution of W(CO)6 mol-
ecules. This method has been used to examine the
molecular internal energy distributions in various ion
sources [17, 18].
The studies reported here employ W(CO)6 molecules
to examine the temporal and spatial molecular internal
energy distributions in a millisecond pulsed GD
plasma. TOF-MS permits the monitoring of ions gener-
ated at a specific time, providing P() information for
any instant during the pulse cycle. The spatially re-
solved P() were obtained from the mass spectra ac-
quired at different distances along the plasma axial
direction. Both temporal and spatial variations in P()
were observed and correlated to the alternations of
dominant energy transfer processes in the plasma. The
effects of discharge pressure and operating power on
P() were evaluated and attributed to the parametric
influences on the respective fundamental energy trans-
fer processes. The observations suggest that the pulsed
GD plasma affords fast and facile energy-tunability that
can be used to perform selective ionization and frag-
mentation for molecular, structural, and elemental in-
formation.
Experimental
Pulsed Glow Discharge Plasma Device
The GD plasma was powered by a 13.56 MHz radio
frequency (rf) generator equipped with an automatic
matching network (RF Plasma Product Inc., Marlton,
NJ). The power supply system was used under power-
control pulsing mode that permits control of applied
power, pulse width, and duty cycle. Throughout the
experiments, the rf pulse width was set at 5 ms with
25% duty cycle while the operating power was varied.
The argon discharge support gas (ultra pure, Airgas,
Randor, PA) was introduced through a metering valve
to control the gas pressure. The pressures were moni-
tored by a thermocouple pressure gauge (Varian, Lex-
ington, MA).
Tungsten Hexcarbonyl Introduction
Tungsten hexcarbonyl (99.9%, Aldrich, Milwaukee, WI)
was used to probe the molecular internal energy distri-
bution in the pulsed plasma. It was first vaporized in a
glass vial immersed in a water bath held at 45 °C to
maintain a constant vaporization rate as well as to
ensure the identical initial molecular thermal energy for
each run. The chemical vapors were then introduced
into the GD chamber through a stainless steel tubing
with 0.2 mm inner diameter to the point right in front of
the sampling orifice (Figure 1). The introduction tubing
and GD chamber were heated to 50 °C using heat tape
to prevent the W(CO)6 vapor from re-condensing. The
flow rate of W(CO)6 was regulated by a metering valve
to keep the partial pressures of chemical vapors lower
than 10 mTorr. This design was aimed to introduce a
small amount of chemical vapor, minimizing perturba-
tion of the plasma environment while ensuring abun-
Figure 1. Schematic of the glow discharge chamber and sample
introduction system.
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dant ion signals. The minimum perturbations were
further confirmed from the resultant mass spectra as
will be discussed in the next section.
TOF Mass Spectrometer
The TOF mass spectrometer has been described in
detail previously [10] and is only briefly reintroduced
here. A six-way, high vacuum cross (MDC Vacuum
Products Co., Hayward, CA) served as the GD cham-
ber. A copper disk cathode with a 5 mm diameter and
2 mm thickness, mounted on a direct insertion probe
(DIP), was introduced into the discharge chamber to
generate plasmas. The transportable DIP allows adjust-
ment of the distance of the copper cathode from the
TOF sampling orifice and the plasma can thereby be
sampled at different distances along the axial direction
(Figure 1).
The orthogonal flight tube design of the TOF permits
ion extraction from the GD source by pulsing the TOF
repeller. A digital delay generator (EG and G Princeton
Applied Research, Princeton, NJ), synchronized with
the rf power pulse, subsequently triggers the applica-
tion of an 1 s ion extraction pulse to the TOF repeller
as well as the initiation of the signal detection system.
This timing scheme (Figure 2) allows for setting a
detection gate to monitor the ions formed at a specific
time within the power pulse sequence and its temporal
position can be easily adjusted on the digital delay
generator.
General operating conditions for the TOF mass spec-
trometer are presented in Table 1. The conditions were
optimized to yield maximum signal for the W(CO)6
species. The mass spectrometric signal was amplified
and fed to a 1-GHz oscilloscope (LeCroy 9370M, Chest-
nut Ridge, NY), digitized and averaged for 150 sweeps.
Through a GPIB interface the averaged mass spectral
data were imported into a Microsoft Excel 97 spread-
sheet program (Microsoft, Redmond, WA) for construc-
tion of mass spectra. The mass spectra of W(CO)6 were
then converted to molecular internal energy distribu-
tion plots.
Results and Discussion
Appearance of W(CO)6 Mass Spectra
and Calculation of P()
A typical W(CO)6 mass spectrum is presented in Figure
3a. The discharge gas species such as Ar, Ar2, and
Ar2
 predominate the spectrum. Note that the Ar
intensity is about two orders of magnitude higher than
the ion intensities of W(CO)n
 (n  0–6) species. The
absolute dominance of discharge gas ions, which was
observed in all the prepeak and plateau regime spectra,
indicates the argon plasma environment is not signifi-
cantly altered by the addition of the probe molecules.
The Cu signals at 63 and 65 a originated from the
copper cathode in use. Because of the deposition of
Figure 2. Schematic of the TOF mass spectrometer and the setup
for time-gated detection. Hollow arrows represent the trigger
sequence. The delay time () relative to the rf power onset can be
adjusted on the digital delay generator.
Table 1. Typical pulsed rf GD TOF-MS operating parameters
Glow discharge
Pressure 0.2–0.8 torr
Operating power 60–20 W
Pulse duration 5 ms
Duty cycle 25%
Sampling distance 3–40 mm
TOF
Flight path length 1 m
Ion lenses potential
Skimmer 900 V
Extractor 0 V
Accelerator/flight tube 2100 V
Deflector (X) 2200 V
Deflector (Y) 2100 V
Repeller 200 V; 1 s
Detector 1800 V
Vacuum conditions
Intermediate stage 105 torr
Flight tube 106 torr
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carbon and tungsten ionic species, the cathode was
partially coated during the experiments, resulting in a
gradual reduction in these signals for copper. The
W(CO)n
 (n  0–6) ion peaks were observed in the
higher m/z range and can be readily assigned; but the
isotope peaks for each species were not well resolved
because the system was optimized for sensitivity rather
than resolution. The maximum intensity of the isotope
peaks was thus taken to calculate P(). Also observed
were the small fragment ions such as C, CHx
, and
CO, presumably originating from W(CO)6 molecules;
however, these ions may suffer interference from con-
taminant gases like CO2 and N2.
In constructing P() curves from mass spectral data,
some standard assumptions were made [16]. First, all
the molecules having sufficient internal energy under-
went ionization and fragmentation to yield the corre-
sponding final product ions. The kinetic effect was
assumed to be negligible because of the long residence
time of ions in the GD ion source. Metastable molecular
ions were not taken into consideration because they
represent a small fraction of the total ion population
(typically less than 1%). Second, energy partitioning
between electrons or neutrals and ionic fragments dur-
ing ionization and fragmentation in the plasma are
similar to that in electron ionization processes. Thus, the
thermochemical data determined by the electron ioniza-
tion method, i.e., the ionization and appearance poten-
tials, were used without any correction. Third, the
W(CO)n
 (n  0–6) species have identical sampling
efficiencies and detection sensitivities. Hence, the signal
intensity for each species directly reflects its relative ion
population.
As listed in Table 2, W (CO)n
 species divide the
energy range of 8.5–25.9 eV into 7 intervals with widths
of 2 eV each. Based on the assumption stated above,
all molecules with internal energies inside a certain
interval yield the corresponding product ions. For ex-
ample, the molecules with internal energy between 16.0
and 18.6 eV generated W(CO)2
 ions. The relative pop-
ulation of these molecules was then obtained from the
W(CO)2
 mass spectral signal. The relative population is
divided by the width of the energy interval, 2.6 eV,
yielding the distribution of the molecules within this
energy interval that is assigned to its center at 17.3 eV.
Following this procedure, the relative probabilities for
all the energy intervals were calculated, yielding six
data points. Connecting these points approximates the
internal energy distribution P() as can be seen in
Figure 3b. It is also important to realize that the area
covered by the P() plot reflects the excited molecule
population within the respective energy range.
This simple method allows estimation of molecular
internal energies between about 9 and 24 eV; the range
is limited by the ionization potential of W(CO)6 and the
appearance energy of W. Energy shifts of about 2 eV
can be readily appreciated on the resultant P() plots,
although the fine structure of P() is not available. It has
been shown that the apparent ionization energy of GD
plasmas varies roughly between 27.7 and 8.4 eV over a
pulse cycle [1]. Hence, the method provides satisfactory
monitoring range and sensitivity for the GD plasma
energetics studies.
Temporal Characteristics of P()
over a Pulse Cycle
The GD plasma was operated at 100 W rf power, 0.4 torr
argon and sampled at 15 mm from the cathode surface.
A series of time-resolved mass spectra of W(CO)6 were
acquired over the pulse cycle and converted into P()
plots. Based on the observed temporal variations in the
Figure 3. The appearance of (a) W(CO)6 mass spectrum and (b)
the resultant P() plot (discharge pressure 0.5 torr, operating
power 100 W and sampling distance 5 mm).
Table 2. W(CO)6 ion energetics data
Ions
Ionization/
apparence
potential
(eV)
Energy
interval
(eV)
Average
energy
(eV)
Energy
width
(eV)
W(CO)6
 8.5 8.5–9.7 9.1 1.2
W(CO)5
 9.7 9.7–11.9 10.8 2.2
W(CO)4
 11.9 11.9–13.7 12.8 1.8
W(CO)3
 13.7 13.7–16.0 14.85 2.3
W(CO)2
 16.0 16.0–18.6 17.3 2.6
W(CO) 18.6 18.6–21.5 20.05 2.9
W 21.5 21.5–25.9 23.7 3.4
W(C2O)
 25.9 - - -
91J Am Soc Mass Spectrom 2004, 15, 87–102 RADIO FREQUENCY GLOW DISCHARGE TOF MS
mass spectra and the corresponding P() plots, a cycle
of the pulsed GD plasma can be divided into three
major temporal regimes: The breakdown and transition
stage (0–1.0 ms), the steady state stage (1.0–5.0 ms), and
the transition decay stage at the termination of the
applied RF power (5.0–7.0 ms). The three distinct stages
were termed as the prepeak, plateau, and afterpeak
regime respectively [8].
Prepeak regime. The prepeak regime includes a series
of fast-evolving spectra and P() plots exhibiting a
significant energy shift (Figure 4). After the application
of the rf power, a brief delay is required for the plasma
to be initiated. The first stable mass spectrum was
acquired at 0.2 ms into the pulse cycle, presumably
representing the breakdown of the plasma. Extensive
fragmentation was observed, leading to the formation
of small fragments such as W(CO)3
, W(CO)2
, and
W(CO), along with a dominant signal for the atomic
ion W. The molecular ion W(CO)6
 and larger frag-
ments, W(CO)4
 and W(CO)5
, were not present in the
spectrum. This observation indicates that, at the break-
down stage, energy deposited into the molecules within
the plasma is sufficient to dissociate them to their
atomic constituents. The resultant P() shows that the
internal energies are populated over the 15–24 eV
energy range. The P() is cut off sharply at 13 eV and
has essentially no population at lower energies.
The prepeak has been characterized by the sudden
increases in ion signal intensity for the gas phase
species before decaying to plateau values. Since electron
ionization is the only possible mechanism in the break-
down stage, the intensity increases were ascribed to the
upsurge of energetic electrons and their high ionization
efficiency [8]. In this study, the enhanced intensity was
also observed for both argon and W(CO)6 species, as
can be seen in plots of ion intensity temporal variation
(Figure 5). In addition to the enhanced intensities, the
prepeak regime is also associated with high internal
energy deposition ranging from 15 to 24 eV. The ob-
served P() differs significantly from the known P() of
W(CO)6 activated by standard 70 eV electron ionization
that maximizes around 9 and 15 eV [19]. The differences
suggest that, although electron ionization was the major
ionization mechanism, the upsurge of fast electrons
generated at this breakdown stage may be of much
higher kinetic energies, resulting in more extensive
fragmentation and even atomization.
The mass spectra from 0.4 to 0.8 ms reflect the
transition phase from the discharge breakdown to a
steady state. Significant changes were observed during
this phase. Larger fragments, W(CO)n
 (n  4–6) spe-
cies, became observable in the mass spectra, indicating
the P() broadens and extends over the lower energy
range. Meanwhile, the base peaks in the mass spectra
shifted gradually from W to W(CO)3
; correspondingly
the P() maximum shifted from 24 to 15 eV. Note that
the mass spectra and P() plot acquired at 0.8 ms closely
resemble those acquired in a plateau regime (Figure 6),
indicating the convergence to the steady state plasma.
The changes in the mass spectra and P() observed in
the transition phase can be attributed largely to the
changes in ionization mechanisms therein. Shortly after
the discharge gas breaks down the charged particles
redistribute as space charge builds up, resulting in the
typical GD plasma architecture. The electric field is
compressed within the dark space close to the cathode
surface while the negative glow region, where ions
were sampled, becomes nearly field-free [7]. As a result,
both the population and kinetic energy of fast electrons
in the negative glow region decrease. Meanwhile, dis-
charge breakdown leads to the formation of argon ions
and metastable argon atoms available for charge trans-
fer and Penning ionization processes. As will be dis-
cussed in detail later, the energy deposition from charge
transfer [20] and Penning ionization [5] processes max-
imize at the potentials of argon ions (15.76 eV) and
metastable argon atoms (11.6 eV) respectively, which
are lower than that of the energetic electron ionization.
The increasing contribution from charge transfer and
Penning ionization process, in combination with declin-
ing electron ionization, shifts the P() maximum to
lower energy as well as broadens the P() range.
Plateau regime. The plateau mass spectra and P() plots
between 1.0 and 5.0 ms are essentially identical, indi-
cating a steady state (Figure 6). All the W(CO)n
 (n 
1–6) species are present in the mass spectra and the
abundant species are W(CO)3
, W(CO)2
, and W(CO).
The P() plots cover the full monitoring range from 8 to
Figure 4. Time resolved mass spectra and the corresponding P()
plots during the prepeak regime (discharge pressure 0.4 torr,
operating power 100 W, and sampling distance 15 mm).
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24 eV with maxima around 16 eV. The distribution falls
off sharply at 13 eV and presents a low probability tail
over the 8–12 eV range.
The steady state of a pulsed glow discharge resem-
bles its continuous counterpart and the energy transfer
processes involved have been thoroughly discussed [7].
Electron ionization, Penning ionization, and charge
transfer processes are the major ionization mechanisms
within the negative glow region. Electron ionization
arises principally from the fast electrons entering the
negative glow region from the cathode dark space.
Penning ionization is a major ionization mechanism for
species with ionization potentials lower than the energy
level of metastable argon atoms. Smith et al. observed
that in the steady state plasma, Penning ionization
accounts for 40–80% of the ionization of sputtered
species [21]; it is thus expected to play an important role
in W(CO)6 ionization and excitation as well. Charge
transfer processes of Ar with W(CO)6 result in an
energy distribution between 13 to 20 eV with the
maximum around argon’s ionization potential at 15
eV [20].
Besides the ionization processes, internal energy can
be deposited by various excitation processes as well.
Among them, collision induced dissociation (CID) and
electron excitation are expected to play major roles. The
kinetic energy of ions in the negative glow is about 15
eV [22, 23] and hence, could effect low-energy collision
induced dissociation. It is well known that multiple
low-energy collisions are able to deposit sufficient in-
ternal energy to cause extensive fragmentation [17].
Therefore, CID in the plasma may be so effective that
the P() can be shifted significantly toward higher
energy, especially under high discharge pressures. Be-
cause electrons in the negative glow region have an
average energy of 2–4 eV [7], they can also excite
molecules through inelastic collisions leading to an
Figure 5. Temporal variation of ion signals of interest over a pulse cycle (discharge pressure 0.4 torr,
operating power 100 W and sampling distance 15 mm).
Figure 6. Time resolved mass spectra and the corresponding P()
plots during the plateau regime (discharge pressure 0.4 torr,
operating power 100 W, sampling distance 15 mm).
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appreciable P() shift. Photo-excitation, although possi-
ble, is not considered as a major excitation mechanism
since its cross section is 2–3 orders of magnitude smaller
than those of CID and electron excitation [24]. On the
other hand, the excited W(CO)6 species can also be
de-excited through stabilizing collisions with ground
state atoms in the plasma [25].
Afterpeak regime. The first three milliseconds after the
termination of applied power pulse exhibit another
fast-evolving transition phase as indicated by the dra-
matic changes in the mass spectra and P() plots (Figure
7). The signal intensities of small fragment ions such as
W, W(CO), and W(CO)2
 decayed sharply while
W(CO)4
 and W(CO)5
 subsequently became the base
peak. Correspondingly, the P() maximum quickly
shifted toward the lower energies while the population
over the high energy range declined to a negligible
level. At 5.3 ms, the W(CO)6
 became the strongest peak
increasing its intensity until it maximized at 5.5 ms and
slowly decayed into the background level at 8 ms. The
P() maximum shifted to about 9 eV at 5.3 ms and
remained steady thereafter.
The termination of applied rf power initiates a series
of physicochemical processes, greatly altering the
plasma environment and, consequently, the ionization
and excitation processes therein. Upon the disappear-
ance of the electric field, electrons in the plasma ther-
malize within 0.1 ms [26], which not only directly
suspends the electron excitation and ionization pro-
cesses, but also creates prerequisite conditions for ion-
electron recombination. As a direct consequence of the
recombination the Ar population, as evidenced by the
ion intensity (Figure 5), suffered a sharp decrease upon
the power termination, eliminating charge transfer from
being a major ionization mechanism in the afterpeak
regime. Meanwhile, the recombination of argon ions
and electrons followed by radiative decay produces a
large population of metastable argon atoms, which in
turn greatly enhances Penning ionization [11, 12] to the
point that it becomes the dominant ionization process in
the afterpeak regime [27].
Penning ionization has been studied thoroughly by
Stedman and Setser [28]. Owing to the near-thermal
nature of metastable atoms, the maximum energy dep-
osition by Penning processes is limited by the potential
energies of the metastable atoms, i.e., 11.55 eV for 3P2
and 11.62 eV for 3P0 Ar. However, the effective energy
deposition can be significantly less than these potential
limits because the electron ejected during Penning ion-
ization can carry away the energy difference to satisfy
the energy conservation requirements. It is therefore
reasonable to assign the P() maximum at 9 eV to
Penning ionization.
The temporal variation of W(CO)n
 intensities (Figure
5) provides further evidence for Penning ionization as
the dominant ionization mechanism during the after-
peak. Energetically, the W(CO)n
 species can be divided
into two groups: The species with ionization or appear-
ance potential lower than, or very close to, the argon
metastable potentials, including W(CO)6
, W(CO)5
, and
W(CO)4
 and the others which have significantly higher
appearance potentials (Table 2). As can be seen in
Figure 5, the first group, W(CO)6
, W(CO)5
, and
W(CO)4
 exhibit strong intensity surges after the termi-
nation of the pulse while the species in the second
group exhibit intensity decreases. This correlation
strongly suggests that the increase in the metastable
argon atom population during the afterpeak regime is
primarily responsible for the ion production. Penning
ionization is known as a very efficient energy transfer
process with cross-sections approaching the gas kinetic
values [28]. The increased ionization efficiency and
decreased variety of product ions explain the observed
intensity surge during the afterpeak regime.
Other ionization mechanisms may also take place in
the afterpeak regime. Ion-molecule reactions may take
place between W(CO)6 molecules and the ions gener-
ated during the plateau regime such as CHx
. Proton
transfer from ArH [29] is also very likely, but cannot
be confirmed by this study because the quasi-molecular
ion W(CO)6H
 could not be identified under the low
resolution conditions employed. Note that these mech-
anisms are of a chemical ionization nature, preferably
producing molecular or quasi-molecular ions. Hence,
the apparent energy deposition reflected on the P()
plot is around the ionization potential of W(CO)6 at
about 9 eV as well.
Briefly, the P() of W(CO)6 exhibits temporal varia-
tions over a pulse cycle arising from the alternation of
Figure 7. Time resolved mass spectra and the corresponding P()
plots during the afterpeak regime (discharge pressure 0.4 torr,
operating power 100 W, and sampling distance 15 mm).
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dominant energy transfer processes in the plasma. The
P() variations divide a pulse cycle into three distinct
temporal regimes: Prepeak, plateau, and afterpeak, and
their representative instants, i.e., 0.2, 4.0, and 5.6 ms
respectively, are established for the following spatial
characterization and parametric studies.
Spatial Characteristics of P()
It is known that the glow discharge plasma is spatially
heterogeneous: Each species has a characteristic spatial
distribution and, as a direct consequence, the corre-
sponding excitation and ionization processes exhibit
spatial variations. As a result, the P() of W(CO)6 in the
plasma is expected to be spatially dependent. The
spatial characteristics of P() directly determine the
mass spectra obtained at different locations in the
plasma.
The spatial characteristics of P() were examined for
the prepeak (0.2 ms), plateau (4.0 ms), and afterpeak
(5.6 ms) regimes separately under conditions of 0.5 torr
discharge pressure and 120 W operating power. The
sampling distance was adjusted by varying the separa-
tion between the sampling plate and the cathode. How-
ever, when the sampling plate was placed in close
proximity to the cathode, the dark space was distorted
and the discharge extinguished. The minimum sam-
pling distance is roughly twice the dark space thickness
[7]; it was found at 3 mm for this set of discharge
conditions. The sampling location corresponds to the
negative glow region, which is nearly field-free, and the
grounded sampling plate is not expected to impose
great effect on the plasma. The obtained spectrum
mirrors the local ion population closely because the
sampled ions are produced in the immediate proximity
of the sampling orifice [30].
Prepeak regime. The mass spectra acquired at 0.2 ms at
different distances are analogous and only the one
obtained at 3 mm is shown in Figure 8a. The atomic ion,
W, and small fragment ions, W(CO)n
 (n  1–3),
dominate the spectrum while the molecular ion and
larger fragments were not observed. The P() plots
presented in Figure 8b, corresponding to various sam-
pling distances, exhibit nearly identical internal energy
distributions: The deposited energies are populated
over 15 to24 eV and there is essentially no population
over lower energies. This observation is consistent with
the conclusion previously drawn that electron ioniza-
tion dominates during the prepeak regime. The strong
similarities in P() plots also suggest that the electron
energy remains fairly uniform throughout the plasma.
Plateau regime. The observed P() exhibit strong spa-
tial dependence during the plateau regime. The mass
spectra and P() plots at various sampling distances are
presented in Figure 9. The P() maxima shifted dramat-
ically as distance increased. At 3 mm, P() maximized at
20 eV. As distance increased from 3 to 10 mm, the
population around 15 eV increased, resulting in a broad
P() covering energy range from 12 to 20 eV. When
sampling distance further increased, the population
around 20 eV dropped and that around 15 eV remained
relatively stable, leading to an apparent low-energy
shift of P() maximum. Eventually, at 30 mm, the P()
maximum shifted to 12 eV.
The P() shift can be largely attributed to the spatial
characteristics of the ionization and excitation mecha-
nisms occurring in the plasma during the plateau
regime. The major ionization and excitation processes
exhibit different spatial dependences. Langmuir probe
measurements showed that the argon ion population
maximizes at roughly the edge of dark space and
negative glow [31]. Charge transfer is expected to
overlap with the maximum argon ion population. This
hypothesis has been confirmed by an optical investiga-
tion performed in this lab, in which charge transfer
processes were found to maximize at 5 mm and
decrease sharply with increasing distance [32]. Penning
ionization, however, exhibits a different spatial profile
because the metastable argon atom density is distrib-
uted more evenly throughout the negative glow region
[11]. For this reason, Penning ionization is expected to
exhibit a more moderate decrease with increasing dis-
tance. Electron ionization and excitation is observed to
Figure 8. (a) The prepeak mass spectrum acquired at 5 mm; (b)
the prepeak P() plots obtained at 3 mm (open circle), 5 mm (open
triangle), 10 mm (open square), 15 mm (x), 20 mm (filled square),
and 30 mm (filled triangle) (discharge pressure 0.5 torr and
operating power 120 W).
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maximize at a distance of 2.5 mm from the cathode
surface and decrease with increasing distance [12]. On
the other hand, CID is expected to be independent of
sampling distance because of the fixed discharge pres-
sure and the relatively uniform ion kinetic energy in the
negative glow region.
The spatial dependence of the ionization and excita-
tion processes result in different convolutions of these
energy transfer processes at various distances, leading
to changes in the overall P(). Close to the vicinity of the
cathode surface, charge transfer processes in combina-
tion with strong electron excitation processes result in
high-energy deposition. At greater distances, the less
energetic Penning ionization process becomes more
important for ionization because both charge transfer
and electron excitation decay sharply with increasing
distance. This results in a shift of the P() maximum to
lower energies. As distance further increases, Penning
ionization eventually prevails over charge transfer pro-
cesses, resulting in a P() maximum at 12.5 eV and a
relatively low probability tail over the higher energy
range.
Afterpeak regime. As previously discussed, the after-
peak regime is dominated by Penning ionization
throughout the plasma. Therefore, little change in P()
is expected for various sampling distances during this
regime. The mass spectra acquired throughout the
plasma exhibit an intense molecular ion W(CO)6
 peak
while the fragment ions are not evident. The mass
spectrum obtained at 15 mm is shown in Figure 10a as
a representative illustration. The corresponding P()
plots (Figure 10b) show that the deposited internal
energies are distributed around 9 eV throughout the
plasma and there is essentially no population at higher
energies. One exception was found at 3 mm where
considerable W(CO)3
 signal was observed, leading to a
local P() maximum around 15 eV. This exception can
be attributed to charge transfer from the residual argon
ions. This assumption was supported by the gradual
disappearance of the W(CO)3
 ions as the detection gate
was further delayed to allow additional time for the
neutralization of these residual argon ions.
It should be pointed out that the spatial dependences
of P() described above were also observed under
discharge pressures of 0.4–0.6 torr and operating pow-
ers of 60–120 W. Different phenomena were observed
for the extreme low (0.3 torr) and high (0.8 torr)
pressures and the detailed results will be given in the
following pressure effect discussion.
It is also important to examine the spatial depen-
dence of the ion population because it determines the
optimum sampling distance to maximize analytical
sensitivity. Judging from the areas covered by the P()
curves, the ion population changes significantly with
distance. In order to conduct an unambiguous exami-
nation, the total ion signal intensities of W(CO)n
 (n 
0–6) were plotted against sampling distance for the
prepeak, plateau, and afterpeak regime (Figure 11). For
the prepeak, the total ion intensity maximized at the
Figure 9. The plateau mass spectra acquired at various distances
and the corresponding P() plots (discharge pressure 0.5 torr and
operating power 120 W).
Figure 10. (a) The afterpeak mass spectrum acquired at 15 mm;
(b) the afterpeak P() plots at 5 mm (open triangle), 10 mm (open
square), 15 mm (x), 20 mm (filled square), and 30 mm (filled
triangle) (discharge pressure 0.5 torr and operating power 120 W).
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minimum sampling distance (3 mm) and declined un-
eventfully as distance increased, which is consistent
with previously observed spatial profile for electron
ionization and excitation [12, 33]. This is the result of the
existence of a strong electric field in the vicinity of the
cathode that produces a large population of energetic
electrons. In contrast, the total ion intensity during the
plateau regime exhibits a maximum at 7 mm, which
may indicate that the combination of various ionization
processes is optimized here. During the afterpeak the
intensity maximum is found farther away from the
cathode at 10 mm. Atomic absorption measurements
performed in this lab observed that the maximum
metastable argon atom density occurs at8 mm during
the afterpeak regime [11]. This is also where the most
intensive Penning ionization was observed for the sput-
tered copper atoms [12]. The qualitative agreement
among these maxima substantiates Penning ionization
as the predominant ionization mechanism for W(CO)6
molecules during the afterpeak regime.
Parametric Effects on P()
Discharge parameters, especially discharge pressure
and operating power, strongly influence the respective
excitation and ionization processes. These parameters
can be adjusted to enhance or suppress a specific
excitation or ionization mechanism which would be
subsequently reflected in the resultant internal energy
distribution P(). Insights into the fundamental plasma
processes can then be inferred from the responses of
P() to the parametric variations. This methodology is
particularly useful in deconvoluting the concurrent
mechanisms occurring during the plateau regime. The
parametric effect study is important for the real-world
applications of the plasma as well. Varying the dis-
charge parameters affords capability to further tune the
energy deposition, providing additional flexibility to
optimize analytical performance for a given sample.
Pressure effects on P(). The discharge pressure deter-
mines the mean free path and collision frequency.
Therefore, it is expected to have a strong influence on
the energy transfer processes and the resultant P(). An
investigation of the pressure effect was conducted for
discharge pressures ranging from 0.2 to 0.8 torr. In these
studies, the operating power was fixed at 100 W and the
sampling distance was fixed at 15 mm.
Prepeak regime. As can be seen in Figure 12a, during
the prepeak regime the P() plots at various pressures
show some similarities: The internal energy distribu-
tions appear higher than 15 eV and have essentially
zero distribution below 13 eV. As discussed above,
these high deposition energies are attributed to the
energetic electron processes. In spite of the similarities,
a clear shift in P() toward higher energies can be
readily observed as operating pressure increases. The
apparent high-energy shifts at elevated pressures,
which were also observed during the plateau and
afterpeak regime, likely arise from increases in CID
taking place within the plasma or during the sampling
processes at these higher pressures. Elevated pressures
increase collision frequency in the plasma to conse-
quently increase the apparent internal energy deposi-
tion. The CID effect has also been reported in several
previous accounts [34–36].
Plateau regime. As can be seen in Figure 12b, the
discharge pressure exerts a strong influence on P() in
the plateau regime. Of course the situation is compli-
cated because of the variety of excitation and ionization
processes occurring and their uneven response to pres-
sure increases.
At 0.2 torr, the internal energy deposition by the
plasma exhibits striking similarities with that solely
from charge transfer by argon ions, which has been
measured by Horning et al. [20]. Both P() plots present
a narrow energy distribution maximized close to ar-
gon’s ionization potential at 15 eV. The strong simi-
larity implies that charge transfer is the dominant
ionization mechanism during the plateau regime at low
pressures. Energy conservation considerations require
an energy resonance for charge transfer to take place:
the colliding species must have an excited state that
matches the Ar potential [37]. For this reason, charge
transfer is not usually considered as an effective ioniza-
tion mechanism for atomic species [38]. However, for
molecular species the energy resonance requirement
may be readily satisfied because of the large number of
vibrational and rotational states. The result is that
charge transfer can be very efficient for the ionization of
molecular species in the plasma. Penning ionization, on
the other hand, is negligible at pressures lower than 0.3
torr [21]. This explains the low population of the
distribution in the 8–12 eV energy range.
Within the energy range of 18–24 eV, the P() of the
plasma is higher compared with that by charge transfer.
This difference can be accounted for by contributions
Figure 11. Spatial variation of the total W(CO)n
 ion intensity
during the prepeak (filled square), plateau (filled triangle), and
afterpeak regime (plus) (discharge pressure 0.5 torr and operating
power 120 W).
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from other possible excitation processes in the plasma,
such as electron excitation and CID, which are super-
imposed on top of the energy deposited by charge
transfer. There may also be some charge transfer occur-
ing between excited argon ions and W(CO)6 molecules
[20] that can ultimately be attributed to electron excita-
tion of the argon ions prior to collision with W(CO)6
[12]. Another possibility, energy conversion from the
kinetic energy of the collision, can be eliminated be-
cause P() arising from charge transfer exhibit a weak
dependence on collision energy [20] within the kinetic
energy range of Ar in the negative glow region.
The spatial characteristics of P() at 0.2 torr provide
additional insights into the ionization mechanisms. At
higher discharge pressures, the concurrence of various
ionization mechanisms during the plateau regime leads
to broad P() and the changes in the competition among
them cause P() maximum shifts with distance. At 0.2
torr, however, the P() throughout the plasma remains
narrow and nearly uniform: the energy distributions are
of the same range and no maximum shift was observed
(Figure 13). The uniformity strongly supports the dom-
inance by a single ionization mechanism, charge trans-
fer, under these conditions.
The P() plots acquired at 0.4 and 0.6 torr exhibit
populations in the lower energy range down to11 eV,
which can be ascribed to the contribution from Penning
ionization. It has been shown that Penning ionization
increases with increasing discharge pressure and may
account for about 40–80% of total ionization in a
continuous glow discharge [21]. Again, the convolution
of various ionization and excitation mechanisms results
in the broadened energy distributions that can produce
mass spectra rich in structural information.
As discharge pressure further increases to 0.7 and 0.8
torr, the P() shifts to higher energies because of the
increasing effect of CID, leading to extensive fragmen-
tation. Although this favors atomic detection, it severely
hinders structural elucidation because it reduces the
variety of observed fragments.
Figure 12. P() obtained at discharge pressure 0.2–0.8 torr during the (a) prepeak, (b) plateau, and
(c) afterpeak regimes (operating power 100 W and sampling distance 15 mm).
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Afterpeak Regime. It has been stated that Penning ion-
ization dominates the afterpeak regime, affording soft
ionization and yielding intact molecular ions. This is
true for the discharge pressures between 0.2 and 0.6
torr. However, the softness of the afterpeak regime is
greatly offset by CID at elevated pressures. Pressures
above 0.6 torr lead to extensive fragmentation. As
shown in Figure 12c, the high-energy shift resulting
from such CID can be clearly observed at 0.7 torr.
Although the P() still maximizes at 9 eV, there is a
considerable population with internal energies in the
12–24 eV range. As discharge pressure is further in-
creased to 0.8 torr, the P() maximum is shifted to 24 eV,
predominantly yielding W atomic ions through com-
plete CID of the molecular species.
The effect of pressure on ion intensity was also
investigated to achieve optimum analytical sensitivity.
Knowing that the variation in pressure leads to spatial
changes of the resultant plasma, these investigations
were undertaken for several positions within the
plasma. Figure 14 shows the plots of the total ion
intensity of W(CO)n
 (n  0–6) generated during the
plateau regime versus distance at various discharge
pressures. Two trends can be observed. First, the total
ion intensity decays more sharply with increasing dis-
tance at high pressures. Elevated pressures would
shorten the mean free path of secondary electrons
accelerated off the cathode surface and, correspond-
ingly, decrease the dark space thickness. Consequently,
the negative glow region is drawn closer to the cathode
and so is the ion population. Similar pressure effects
have been observed using Langmuir probe measure-
ments [31]. Second, it was found that the sampled total
ion population throughout the plasma, estimated by the
area under the intensity-distance plot, decreases dra-
matically at 0.7 torr and higher pressures. This decrease
likely arises from increases in ion scattering and colli-
sional neutralization at the higher pressures [25]. These
two trends were also found during the prepeak and
afterpeak regimes as well.
Briefly, the pressure study revealed that the tempo-
ral P() variations over the pulse cycle were masked by
the effect of CID at elevated pressures, thereby greatly
impairing the energy tunability that can be realized
with the pulsed GD plasma. In addition, lower sam-
pling efficiencies under high pressures further de-
creased the analytical performance. Therefore, the opti-
mum discharge pressures were found between 0.2 and
0.6 torr.
The effect of power on P(). The effect of power on P()
was examined by varying operating power from 80 to
120 W. The sampling distance was fixed at 15 mm. The
influence of operating power on P() was found to be
similar for discharge pressures ranging from 0.2 to 0.6
torr and the data acquired at 0.3 torr are presented as a
representative (Figure 15).
No apparent changes in P() were observed at vari-
ous operating powers for all three regimes in a pulse
cycle: Both the P() maximum and energy distribution
range remained relatively unaffected. This observation
indicates that the molecular internal energy distribution
in the plasma is determined by dominant ionization
and excitation processes rather than by operating
power. The charge transfer and Penning ionization
processes both represent transfers of potential energy
rather than kinetic energy; thus, it is understandable
that the molecular internal energy distributions are not
Figure 13. (a) The plateau mass spectrum acquired at 15 mm; (b)
the plateau P() obtained at 5 mm (open triangle), 10 mm (open
square), 15 mm (x), 20 mm (filled square), and 30 mm (filled
triangle) (discharge pressure 0.2 torr and operating power 100 W).
Figure 14. Spatial variation of the total W(CO)n
 ion intensity
during the plateau regime at 0.2 torr (filled square), 0.4 torr (open
circle), 0.6 torr (filled triangle), 0.7 torr (open triangle ), and 0.8 torr
(open square) (discharge pressure 0.2 torr and operating power
100 W).
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heavily dependent on operating power. Electron ioniza-
tion, the dominant mechanism of the prepeak regime,
appears to be weakly dependent on operating power as
well. Previous studies have shown that the average
electron energy is weakly dependent on operating
power in the negative glow region [31]. Therefore, the
contribution of energy deposition from electron excita-
tion should remain relatively constant in the plateau
regime as the operating power is varied. At a fixed
pressure, CID is not expected to vary with operating
power. Consequently, the overall P() resulting from
these major ionization and excitation mechanisms ex-
hibit little dependence on operating power.
Although the operating power has negligible influ-
ence on energy distribution P(), it exerts great effect on
the ion signal intensities. Increasing operating power
obviously increased the population of energetic species
in the plasma, which in turn enhanced ionization effi-
ciency to yield more abundant analyte ions. As can be
seen in Figure 16, the total ion population, as indicated
by the area underneath each curve, increases consider-
ably with increasing operating power; hence, higher
analytical sensitivity is expected. In addition, the plots
indicate that increases in operating power also lead to
plasma expansion.
Conclusions
The thermometer molecule, W(CO)6, was used to inves-
tigate the energy transfer processes in a pulsed glow
discharge plasma. The time-resolved internal energy
distributions, P(), of W(CO)6 exhibited a strong tem-
poral dependence over the pulse cycle. Upon plasma
initiation and electrical breakdown, the internal ener-
gies are most heavily populated over a high range of
energies, from 15–24 eV. The result of this high-energy
population is extensive fragmentation and the produc-
tion of predominantly atomic ions. After a transition
stage, the plasma reaches a steady state and the P()
maximum shifts to a lower energy while the distribu-
tion range broadens, providing mass spectra rich in
structural information. After the termination of the
power pulse the plasma maintains a comparable ion
production capacity while the P() further shifts below
9 eV, affording a soft ionization environment that
favors the production of intact molecular ions. The
temporal variations were correlated to the changes in
dominant ionization mechanisms over the pulse cycle
of the plasma. The observation suggests that, by pulsing
the glow discharge plasma, the apparent plasma ener-
getics can be rapidly tuned over a wide energy range,
providing “soft” to “hard” ionization within a single
pulse cycle. Coupling the pulsed glow discharge with
TOF mass spectrometry allows mass spectra to be
acquired at any instant into the pulse cycle to yield the
desired information regarding the analyte molecule.
Figure 15. The P() obtained at operating power 60 W (filled
square), 80 W (open circle), 100 W (filled triangle), and 120 W
(open triangle ) during (a) the prepeak, (b) plateau, and (c)
afterpeak regime (discharge pressure 0.3 torr and sampling dis-
tance 15 mm).
Figure 16. Spatial variation of the total W(CO)n
 ion intensity
during the plateau regime at 60 W (filled square), 80 W (open
circle), 100 W (filled triangle), and 120 W (open triangle ) (dis-
charge pressure 0.3 torr and sampling distance 15 mm).
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This study also evaluated the spatial variation of P()
as well as the influence of glow discharge operating
parameters on P(). The results provided additional
insight into the ionization mechanisms within the
plasma. Electron ionization and Penning ionization
dominate the prepeak and afterpeak regimes, respec-
tively. The plateau regime is characterized by a convo-
lution of various ionization and excitation mechanisms.
Charge transfer processes play a major role, especially
at lower discharge pressures and within the close
proximity of the cathode. Penning ionization becomes
significant under higher discharge pressure and domi-
nates regions further from the cathode.
The optimal discharge pressures were found to be
0.2 to 0.6 torr for argon gas. Higher pressures tend to
enhance CID, leading to extensive fragmentation and
hindering the ability to get structural information. In
addition, the ion intensity was found to decrease at
higher pressures. Lower pressures were found to im-
pair plasma stability. The operating power was found
to significantly affect signal intensity, and consequently
the analytical sensitivity, but had little effect on the
internal energy distribution. The optimum sampling
distance was found at 10 mm from the cathode
surface.
It appears that these pulsed glow discharges do
exhibit tunability that can be controlled temporally and
spatially to provide chemical speciation. The use of
multiple detection gates can be employed to achieve
elemental, structural, and molecular information. The
rapid variation in plasma energy over a 5 ms time
window makes the pulsed plasma a good candidate for
coupling with chemical separation methods. These ad-
vantages indicate that the pulsed glow discharge can be
a powerful tunable mass spectrometry source for chem-
ical speciation, particularly when coupled with TOF
mass spectrometry.
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